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Abstract: An optimal calculation method for the mechanical properties of near-space capsule materi-
als was proposed. First, biaxial tensile tests under low tensile ratios were carried out on the envelope
materials of a near-space airship. The experimental results showed that the values of the elastic
modulus and Poisson’s ratio, which are significantly affected by the warp and weft stresses, were not
constant. Second, the elastic modulus and Poisson’s ratio of the near-space airship were obtained by
using the traditional calculation method, and the limitations of this method were discussed. Third,
an optimal calculation model for the elastic modulus and Poisson’s ratio of airship envelopes was
proposed. The strain calculated by the proposed optimization model could be effectively correlated
to the strain measured by the experiment. Then, through the user-defined subroutine of the finite
element method and the elastic modulus and Poisson’s ratio calculated by the proposed optimization,
the strain of the finite element simulation was obtained. The average error between the simulation
results and the experimental values was approximately 8.21% (warp) and 8.41% (weft). The proposed
method can consider the nonlinear changes of the elastic modulus and Poisson’s ratio of membrane
material under different stress ratios and predict the force and deformation of the airship’s capsule
more accurately, which is adaptable to engineering applications.

Keywords: envelope material; mechanical properties; near-space airship; optimization

1. Introduction

A near-space airship is a cost-effective alternative to Earth-orbiting satellites for sightsee-
ing, aerial photography, communication, and weapon transport, and has become a strategic
platform for many countries, which is operating at an altitude of 20-100 km [1-5]. The
envelope, which is located outside the ballonet, is an essential structure of the near-space
airship; it creates the aircraft’s external shape and provides differential pressure balance [6-9].
According to the different main structural materials of envelope materials, the structure of
aerosols envelope material can be roughly divided into two categories: fabric material and
polymer flexible film material. Fabric materials are also called textile composites. Compared
with traditional composites, textile composites have uniform mechanical properties, and
higher strength and modulus. Compared with polymer flexible film materials, its strength
is also more suitable for the special environment of stratospheric airships. Fabric materials
used on airships are generally divided into the thermal bonding layer, structural layer, and
helium barrier layer. Therefore, the airship envelope is a kind of high-performance material,
and its mechanical properties directly affect the appearance and safety of near-space airships.
A plain-woven composite is the most common envelope material used for near-space air-
ships due to its low density, high strength, good sealing performance, and strong corrosion
resistance [10]. These characteristics are critical, as the material bears almost all the weight
of the envelope. Therefore, when designing the envelope, it is vital to study the stress—strain
characteristics. Generally, the mechanical properties of envelope material can be regarded
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as elastic, nonlinear-elastic [11], viscoelastic [12], or viscoplastic [13] in analysis models. The
choice of models is determined by the type of coated fabric, but it is always open to question.
In 1997, Nayfed proposed a nonlinear constitutive model for plain woven fabrics based on the
meso-mechanical behavior of representative elements [14]. In 2007, B. Nedjar proposed a fully
three-dimensional constitutive model for anisotropic viscoelastic suitable for the macroscopic
description of fiber-reinforced composites that experience finite strains [15]. In 2017, Meng
Junhui obtained several parameters reflecting the material properties of the capsule based on
the invariant theory [16].

Envelope materials with different stress ratios for the warp and weft directions create
a complex force condition. To date, the biaxial tensile test has been the preferred method
to study the mechanical properties of plain-weave fabrics. The MSA] standard [17,18] is a
widely accepted standard for the biaxial testing of woven fabrics and is recommended by
American Standard ASCE1852 (1996) [19]. The MSA]J standard recommends the minimum
strain residual method, the minimum stress residual method, and the best approximation
method to calculate the mechanical property parameters of plain weaves. All three ap-
proaches lead to the same result. The standard’s principle is based on the least square
method to find mechanical properties’ parameters. Bridgens explained and demonstrated
the methodologies used in the MSA] standard using sets of anonymous test data. Dinh
defined the material parameters of orthotropic elasticity using the least square method
mentioned in the standard MSAJ/M-02-1995 [20]. Three methods are recommended by
the MSA]J standard to calculate property parameters, namely, the minimum strain resid-
ual method, the minimum stress residual method, and the best approximation method.
However, these methods can only be used as a simple assessment of the overall mechanical
properties of the test material but are not suitable for describing the nonlinear stress—strain
relationship. For example, although the mechanical elastic constants can be obtained by
the minimum strain residual method, the precise mechanical properties of the material
in a certain tensile state cannot be derived, and while the elastic modulus constants for
envelope material can be estimated, they cause changes based on tensile stress.

Compared with the minimum strain residual method, the approximate method can
reflect the stress—strain relationship more accurately and directly. Bridgens used spline
functions to define the response surfaces of coated woven fabrics [21]. Chen used elastic
parameter response surfaces to reveal the mechanical behaviors of URETEK3216LV plain-
weave fabrics [22]. For nonlinear models, a curved surface enables a better presentation
of the experimental materials’ characteristics [23]. Bai established a constitutive equation
for envelope material, considering temperature by combining the normal and temperature
stresses, including two-, six-, and ten-parameter nonlinear and integral viscoelastic constitu-
tive equations [24]. Xie described the experiment and an approximate model method using
UN-5100 materials, however, it cannot solve the calculation problem of elastic modulus
variation [25]. The response surface approximation model can reflect the stress—strain rela-
tionship of envelope material well in biaxial tension, but the elastic modulus and Poisson’s
ratio are more suitable for engineering applications. In general, the mechanical properties
of plain weaves are orthotropic elastic materials. Therefore, the stress—strain relationship of
plain-weave fabrics can be approximated using the orthotropic plane model. And elastic
parameters are not stable, which cannot be calculated using the experimental data in the
orthotropic plane model.

In summary, the elastic modulus and Poisson’s ratio are affected by the warp and
weft stress, thus, their values are not constant. The general definition of “elastic modulus”
is the stress in a unidirectional stress state divided by the strain in that direction. Elastic
modulus is a physical quantity describing the elasticity of a material, which is a general
term. In this test, the elastic modulus is constantly changing, consistent with nonlinear
results. However, if in a very short period of time, the relationship between stress and strain
can be regarded as linear, which satisfies the general definition of elastic modulus. The
traditional calculation method cannot effectively obtain the elastic modulus and Poisson’s
ratio under different stress conditions. Therefore, it is necessary to use a calculation method
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that can better reflect the nonlinear variation characteristics of the elastic modulus and
Poisson’s ratio of envelope materials. The framework of this paper is as follows. First, the
methods for analyzing the mechanical properties of near-space airship envelope materials
are summarized, including the traditional calculation model, the optimization calculation
model proposed in this work, the genetic algorithm, and the overall analysis process of
this study. Second, the biaxial tensile test of UN-5100 plain-weave fabric is presented.
Third, using the experimental data, the results of the traditional calculation model and the
optimized calculation model are compared and analyzed. Then, the finite element method
using VFABRIC to simulate the stress and strain on UN-5100 plain-weave fabric under a
low-stress ratio is presented, and the validity of the optimization model is verified. Finally,
some main conclusions are drawn.

2. Methodology
2.1. Optimization Calculation Model

As introduced above, as the plain weave is very thin, it is generally considered that
the mechanical properties of plain weave are orthotropic elastic materials. The stress—strain
relationship of plain weave fabrics for orthotropic plane models can be approximated.

The stress—strain relationship of plain weave is:

w2 -E]e
{sx}: w1 {Ux} @)
y Ex E y

where ¢ = strain, o = stress, E = elastic modulus, v = Poisson’s ratio, and the subscripts x and
y denote the warp and weft directions, respectively. The above formula is the constitutive
formula of the material in this paper, and the optimization calculation method below is
based on this formula. According to the stress—strain curve of the biaxial tensile test, a
univariate quadratic polynomial can be used to fit the curve:

o= a16? + ape + a3 (2)

The elastic modulus [26] at any moment can be obtained by deriving ¢ in the above
equation of warp and weft directions. However, the elastic modulus obtained by this
method only considers the effect of the stress in one direction. In fact, the stress in warp and
weft directions will both affect the elastic modulus of the material. Therefore, the elastic
modulus can be assumed to be the initial Exo and Ey g, and the below bivariate quadratic
polynomial can be obtained:

Exo= Aoo + A010x + A020% + Aos0y + Aoaoy + Aos0x0y (3)

2 2
Eyo= ko0 + K010x + K020y + K030y + K040y, + Ko50x0y 4)

where Agj, ko; and 179 (j = 0...5) are the initial optimization variables. The significance of
each monomial term in the above bivariate quadratic polynomial is shown in Figure 1. "Aqg
and k(s in the above bivariate quadratic polynomial evaluate the effect of both ¢y and o,
on the elastic modulus Exg and Ey.

2 2

Eyo =[doo:+ Ao10x + Aoy |+idozoy + ,!040'), +1 o500y
2 )

E}‘() = Koot K10 + K()g(T'; + K030y + K()4(J'_\T + K50 x Oy

Evaluate the Effect of Warp Stress on the Elastic Modulus
Evaluate the Effect of Weft Stress on the Elastic Modulus

Evaluate the Effect of Both Warp and Weft Stresses on the Elastic Modulus

Figure 1. Significance of each monomial term.
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According to Equation (1) and Equations (3) and (4), the initial Poisson’s ratio vyxo
and vy can be calculated using the following formula:

Ox EyO
Vyro= | =— —&x | = 5
yx0 (Exo x> oy ( )
ExO
Vxy0= = Vyx0 (6)
xy EyO yxi

The above initial Poisson’s ratio can be fitted using the bivariate quadratic polynomial:

Vyx0= 100 + 1010% + 10207 + 1030y + 170405 + 170500y ()

After filling in the data of the initial elastic modulus and the initial Poisson’s ratio, the
initial optimization variables Ay}, xo; and 79 (j = 0...5) can be obtained.
Thus, the optimization model can be established as follows:

. J max R—Square,
Obj : {max R—Square ®

y
vyi € (0,3)
Vyi € 0,l
s.t. vi €(0:3) )
R—Square, € (0.9,1)
R—Square, €(09,1)
A Aoj |1
A€ o= | B Ao+ | B[] =15
vars:  Kj € |Koj — KO S Koj + Koj},jz ...5. (10)
nj € |Moj — 2. } =1...5

where Obj is the optimization objective, s.t. is the constraint condition, vars are the optimiza-
tion variables, and the subscripts x and y denote the warp and weft directions. According
to the performance of the membrane material under uniaxial tension, in the constraint
conditions, the Poisson’s ratio is set between 0~0.5 [27], which means that the material
will contract in the weft direction and elongate in the warp direction when under uniaxial
tension in the weft direction. R-Squared can be calculated using the following equation:

N )2
R—Square, =1 — Eim (exi 3”>2 (11)
Yin (8 — &)
2
YN ey —¢€
R—Square, =1 — : 1( z yl>2 (12)
BCARLY

where N is the sample number, ¢’ are the real values, and € is the average value of s’i. eis
the interpolation value, which can be calculated using the following equations:

(% 0,
X Y
2y, 2 (14)

Ey=— — — X
Y Ey yEx

The elastic modulus E and Poisson’s ratio v can be obtained by:

Ex= Ao+ M0y + 207 + A30y + Aaoy + Asox0y (15)
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Vyx=Ho + 110x + 772(7,% + 1730y + 174(7y2 + 11500y (17)
E]/
Vxy= fvyx (18)
X

Through the optimization model, the variables A;, «;, 17; (j = 0...5), vyx and vy, and the
elastic modulus considering both the warp and weft stresses can be obtained.

The analysis process of this optimal calculation method is shown in Figure 2. First, a
specimen of UN-5100 plain-weave fabric was tested by a biaxial tensile testing machine,
and the experimental data, such as warp and weft stresses and strains, were obtained.
On the one hand, the experimental data were substituted into the traditional model to
calculate the corresponding elastic modulus and Poisson’s ratio. On the other hand, the
parameters in the fitting equation of the elastic modulus and Poisson’s ratio can be obtained
using the optimization model based on the NSGA-II optimization algorithm [1]. By using
these parameters, the elastic modulus and Poisson’s ratio can be calculated and compared
with those obtained by the traditional model. In addition, with the help of VFABRIC and
Abaqus, the finite element simulation model was obtained and verified with the original
experimental data to prove the effectiveness of the proposed optimization method in
this study.

{ Experiment data v— -

Exo, Ey[}: Vyx0, Vxyo

R-Squared

A;,n;(j=0..5)

h 4
Ey, Ey, Vyx, Vay

Figure 2. Optimal process.

2.2. Optimization Algorithm Method

Generally, optimization methods can be divided into single objective optimization
and multi-objective optimization. For the former, the optimization process is driven by a
single objective function to find the optimal solution for the optimization parameters. In
the second case, multiple objective function-driven processes ultimately achieve trade-offs
among them.

Optimization algorithms can be used to find the optimal solution for a particular
problem or a group of optimal solutions for a specific design space, and they are widely
used in many fields. Many optimization algorithms based on different numerical methods
or logic strategies for specific problems have been developed. These methods can be gener-
ally divided into numerical optimization algorithms and global optimization algorithms.
Numerical optimization algorithms, such as the feasible direction method [28-30] and
the nonlinear conjugate gradient method [31], are generally much faster than intelligent
optimization algorithms. However, the results of numerical optimization algorithms are
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highly dependent on the initial value, which may lead to local optimization if the initial
search point is not appropriate. A global optimization algorithm can realize global opti-
mization without calculating the local gradient and has no strict requirements regarding
the initial search point. Typical global optimization algorithms include the simulated
annealing (SA) [32] algorithm, the genetic algorithm (GA) [33,34], and the particle swarm
optimization (PSO) [35] algorithm.

A non-dominated sorting genetic algorithm with elite strategy (NSGA-II [36]) was
proposed by Deb et al. It is founded on a non-dominated sorting genetic algorithm based
on the Pareto optimal concept (NSGA [37]) that overcomes the defect of the high operation
complexity of the NSGA and greatly improves the performance of the algorithm. The basic
flow chart of the NSGA-II is shown in Figure 3.

Initial population
gen=0

Generate the

. . Non-dominated
first generation

Population? sort
Selection
crossover —

el mutation
Combination of
parent and offspring
I
Generate a new No Fast non-

dominated sort

l

Determine the

parent population
?

gen = gen+1

: virtual fitness
Selection
value
crossover
mutation

Select suitable
individuals
Generate a new
parent population

the maximum iterative

Figure 3. NSGA-II basic flow chart.

In the Pareto optimal frontier, the NSGA-II takes the crowding calculation and elite
strategy into account at the same time and adopts a crowding comparison operator to
reduce the computational complexity of the algorithm and avoid local convergence in
the optimization process. Based on the Pareto optimal solution concept, the weight of
each objective function does not need to be assigned artificially, and the result is a non-
inferior solution set. Individuals in the Pareto optimal frontier can evenly expand to the
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whole solution space, which ensures diversity of the population, high efficiency, and great
robustness. The optimal design parameter combination can be selected according to the
actual situation.

3. Experiments
3.1. Experimental Material and Equipment

The UN-5100 material is a type of plain-weave material that has a low density
(100 g/m?), low air permeability, strong environmental corrosion resistance, and high
strength, and it can be used in near-space airships. The fiber in UN-5100 is Vectran [38,39],
40 fibers per yarn, and its linear density, fiber elastic modulus, and Poisson’s ratio are
22.2 tex, 75 Gpa, and 0.283, respectively. Polyethene terephthalate (PET) was used for
thermal bonding and helium barrier layers. Information provided by the manufacturer
shows that the UN-5100 material’s uniaxial tensile strengths are 568 and 540 N/cm (room
temperature) in the warp and weft directions, respectively. Its micromorphology is shown
in Figure 4.

(a) (b)

Figure 4. UN-5100 material. (a) A specimen made of UN-5100. (b) The microstructure of the
UN-5100 material.

A specimen and the testing machine are shown in Figure 5.

\\\

(b)
Figure 5. A specimen and the testing machine. (a) A specimen with a flash spot. (b) SJTU-I biaxial

tensile testing machine.

The self-developed biaxial tensile testing machine (SJTU-I) was adopted for this biaxial
test. The strain measurement range of the biaxial tensile testing machine is —10~20%, the
standard tensile rate of the fixture is 2~4 mm/min, and the real-time control is 1~5 mi-
croseconds. A precision servo-hydraulic cylinder is used as the power device. The flow rate
is accurately controlled by proportional and overflow valves. The closed-loop feedback of
the force sensor and the PID controller is used for real-time control. The accurate tracking
of the arbitrary load spectrum can be realized.

The dimensions of the biaxial tensile specimen were obtained with reference to the
standard 1S0O1421-1998, as shown in Figure 6. Four PE rods were fixed to the tensile testing
machine, and the slits in the arms in each direction of the specimen ensured uniform stress
at the center of the specimen. In this test, digital image correlation (DIC) technology was
used instead of an extensometer to obtain higher precision strains. DIC technology is
a non-contact, full-field measurement method that has the advantages of a broad strain
range, high precision, simple equipment, minimal requirements for a test environment,
and smooth operation.
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weft

warp

“lamped region

12mm PE rod

“lamped region

20 160

Figure 6. Biaxial specimen (units in millimeters).

3.2. Test Procedure

The described experiments were conducted, followed by the stress protocol shown
in Figure 7. The tensile test was carried out on the specimen with the tensile ratios of
1:1, 2:1, and 1:2 because the airship envelope is commonly under a low-stress ratio. In
addition, according to the maximum uniaxial tensile strength of the material provided by
the manufacturer, a quarter of the maximum value was taken as the maximum value of the
biaxial tension. The test environment provided a humidity of 60 & 4.0% and a temperature
of 23 £ 2.0 °C. To avoid initial latitudinal and high latitudinal stresses, residual stresses of
200 N were applied. This method also had the advantage of preventing the specimen from
loosening in the initial state.

2400 -

Warp
- - Weft

Pre 1:1 _1:1 21 Prel:l _1:2

2200

2000 +
1800 -
1600 ~
1400 —
1200 -

1000 -

Tensile stress(N)

M
800 -| A

600
4004

200 +

0

T T T T T T
[ 1800 3600 5400 7200 9000
Time(s)

Figure 7. Test protocol.

4. Results and Discussions
4.1. Analysis of Experimental Data

Three loading ratios (1:1, 2:1, and 1:2) were tested, and each ratio was cycled three
times. Figure 8 shows the stress—strain curves of the specimen at the different ratios, where
the strain is the machine’s record of the entire specimen. It can be observed that in the third
cycle, the stress—strain curve tends to be stable. Accordingly, the subsequent analysis was
based on the results of the third cycle. It needs to be emphasized that for the stress of the
airship membrane material, the unit is generally kN/m [39].
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Stress(kN/m)

Stress(kN/m)

Stress(kN/m)

0000 0002 0004 0006 0008 0010 0012 0. 0.002 0.004 0.006 0008 0010 200 0.001 0,002 0,003 0.004 0,005 0.006 0.007 0.008 0.008 0.010 0.011
Strain Strain Strain

(a) (b) (0)
Figure 8. Cyclic curves of the stress and strain at each stress ratio. (a) 1:1. (b) 2:1. (c) 1:2.

As the strain calculation of the biaxial tensile machine is based on the whole specimen,
and this paper actually needs to consider the strain value of the central part of the specimen,
it is best to accurately reflect the strain distribution of the flash spot region in the center of
the specimen. Therefore, flash spot region images were recorded with a camera during the
test, the deformation of the flash spot region at each time was calculated and analyzed by
DIC technology, and the corresponding displacement and strain of the flash spot region
were obtained. The camera is equipped with a new 24.2-megapixel CMOS sensor and
EXPEED 3 digital image processor, the camera is set to take a picture of the flash spot region
every 10 s.

Figure 9 is the displacement and strain nephogram of the specimen’s flash spot region
in x direction at a certain time.

Camera

Specimen

150 200 250 300

x (pixels) x (pixels)
200 250

0.045
0.044
0.043
0.042
0.041
0.04

y (pixels)
[ ]
z

y (pixels)

0.039
0.038

w
3

0.037
0.036

350 0.035

(b) (©)

Figure 9. Displacement and strain nephogram in x directions. (a) Flash spot region. (b) Displacement
map in the x-direction. (c) Map of strain in the x-direction.
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As can be seen in Figure 9¢, the strain nephogram at the center of the specimen is strip-
shaped, which is mainly caused by the special structure of the membrane material under the
action of tensile force. The method of this research was to take the mean value of the strain
at the center of the flash spot region. Figure 10 shows the relationship between the strain
and the stress in the third cycle, where the strains were obtained using DIC technology.

—1:1Warp
12| — —1:1Weft
—-=2:1Warp
= 20Weft
e 1 2Warp
== 12Weft

Stress(KN/m)

0 T T T T T T T T
-0001 0000 0001 0002 0003 0004 0005 0006 0007 0.008

Strain

Figure 10. Stress-strain curves.

From the results of the stress—strain curves, the relationship between stress and strain
is nonlinear, and the slope of each curve changes continuously. Table 1 shows the slope
range of each curve; the change in the slopes indicates the change in the elastic modulus.
When the stress ratio = 2:1, the Ey increased, and the E, decreased along with the stress
increase, which is opposite to when the stress ratio = 1:2. Therefore, during the finite
element simulation of the envelope materials, ignoring the change in the elastic modulus
cannot accurately and effectively predict the mechanical properties of membrane materials
and structural characteristics of a near-space airship.

Table 1. The slope range of each curve.

Stress Ratio (Warp:Weft) Warp Slope (10 kN/m) Weft Slope (10> kN/m)
1:1 13.77~16.38 13.24~16.64
2:1 11.40~18.20 18.86~14.03
1:2 24.72~14.01 11.88~17.06

Following the least square method presented previously, the elastic modulus and
Poisson’s ratio of the specimen have been calculated, as shown in Table 2.

Table 2. Elastic constants of biaxial tension based on the least square method.

Elastic Modulus (10> kN/m) Poisson’s Ratio
Ex E, Uyx Uxy
12.98 13.35 0.1903 0.1957

As evident in Table 2, the elastic modulus and Poisson’s ratio of the plain-weave
airship material calculated by the traditional method are the comprehensive evaluation of
the overall mechanical properties of the material, which cannot meet the precise prediction
of the mechanical properties of the membrane.

4.2. Analysis of Optimization Results

Through the optimization model and the NSGA-II (population size = 96, number of
generations = 200, and crossover probability = 0.95), the results of the optimizations under
each stress ratio are obtained and shown in Table 3. The R-squared of both stress ratios is
greater than 0.9, indicating that the results are accurate.
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Table 3. Optimization parameter values.

Ao A Az Az Ag As
1715.832 —109.514 —0.27352 5.279409 0.536042 0.127741
Ko K1 K2 K3 Kq K5
1429.07 —0.01938 —43.7049 0.142972 1.823383 0.136431
o M1 2 13 Ha Hs5
0.40475 0.02569 —0.02771 —0.00098 0.001955 —0.00193

Based on the above parameters, the values of the elastic modulus and Poisson’s ratio
at any low-stress ratio can be calculated, and their ranges are shown in Table 4.

Table 4. Results of the optimizations.

Stress Ratio E (102 kN/m) v R-Squared
(Warp:Weft) Warp Weft Warp Weft Warp Weft
1:1,1:2,2:1 12.26~15.81 12.41~14.16 0.216~0.436 0.200~0.458 0.975 0.970

The elastic modulus obtained by the optimization model is quite different from Table 1,
which is only considering uniaxial stress. Similarly, it is also different from the values in
Table 2, which were calculated by the traditional model. The elastic modulus and Poisson’s
ratio in Table 2 are the overall evaluation of the mechanical properties of the UN-5100
material. The values in Table 4, which were obtained through the optimization model
and optimization algorithm, can more precisely describe the mechanical properties of the
UN-5100 at any low-stress ratio.

4.3. Validation

According to the shape and size of the specimen in the biaxial tensile experiment, a
finite element model of the biaxial tensile specimen was established in Abaqus software,
as shown in Figure 11. The finite element model was composed of 54,010 M3D4R grids.
As the membrane element was selected, tension cannot be converted into pressure on the
boundary section. If concentrated force is applied to the nodes of the boundary element,
extreme deformation of elements at the boundary will be caused. In this research, reference
points were set at the periphery of each boundary of the specimen, each edge was coupled
with the reference points of the boundary, and tension was applied to the reference points.
The loading condition was 900 N force applied at each reference point. The mechanical
parameters of the material in the finite element model indicated the compiled VFABRIC

user subroutine.

Y

L

Figure 11. The finite element model.
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Figure 12 shows the warp and weft stress distribution of the finite element model. It
can be seen from the strain diagram that the stress distribution is progressive. The warp
and weft stresses in the central region of the sample range from 60 MPa to 65 MPa.

S, 522

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.325e+02
+1.197e+02
+1.069e+02

s, 511

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.348e+02
+1.218e+02
+1.08Be+02

+5.668e+01
+4.366e+01
+3.064¢+01
+1.761e+01
+4.58B8e+00
-8.436e+00

-2.146e+01

+1.721e401
+4.402e+00
-8.40%e+00
-2.122e+01

(a) (b)
Figure 12. Stresses of the finite element model. (a) S11 stresses. (b) S22 stresses.

The stress and strain at the center point under different tensile forces were collected
and drawn onto a three-dimensional curved surface, which was compared with the experi-
mental data and the optimized theoretical value, as shown in Figure 13. The experimental
data refers to the data obtained by the biaxial tensile test. Simulation surface refers to the
surface which was simulated by parameters obtained by the calculation method proposed
in this study and the finite element software. The value of optimization theory refers to
values obtained using experimental data and the calculation method proposed in this study.

. Experimental Data
[ simulation Surface
+ of Optimization Theot

Weft Strain

Weft Stress(kN/m) Warp Stress(kN/m)

Warp Strain
ba

Weft Stress(kN/m) ’ Warp Stress(kN/m)

(b)

Figure 13. Comparison of the three different types of data. (a) Warp Strain. (b) Weft Strain.
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The results show that the changing trend of the simulation data is consistent with the
experimental data and optimization theoretical values and that the simulation values are
slightly lower than the experimental and optimization theoretical values. In general, the
presented method can obtain results that reflect the influence of the change of the warp
and weft stresses on the elastic modulus and Poisson’s ratio. The average error between
the simulation results and the experimental values is about 8.21% (warp) and 8.41% (weft).
However, the traditional method of using the average elastic modulus and Poisson’s ratio
to evaluate the strain on membrane material will lead to an error of 23.6-30.4%. Compared
with the traditional method, the optimization calculation method proposed in this study
can greatly improve the accuracy of the simulation.

5. Conclusions

An optimization method to calculate the elastic modulus and Poisson’s ratio consid-
ering the influence of warp and weft stresses under low tensile ratios (1:1, 2:1, and 1:2)
was proposed. Compared with the results from the traditional method and experimental
data, the proposed method can well consider the nonlinear changes of the elastic modulus
and Poisson’s ratio caused by warp and weft stress changes. Under the same stress con-
dition, the R-Squared of the strain calculated by the optimized model compared with the
experimental value is 0.975 (warp) and 0.970 (weft), respectively. In addition, to apply this
method to the analysis of a simulation, a finite element simulation model was established
through the user-defined subroutine method, and the mechanical properties (the elastic
modulus and Poisson’s ratio) were calculated by using the proposed optimization. The
results show that the average errors of the simulated strain and the experimental strain
under the same stress condition are 8.21% (warp) and 8.41% (weft), which indicates that
the proposed method is efficient and suitable for accurate deformation simulations of
near-space airship envelope material.
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